The uptake of transferrin labeled with S H and "Fe by rat reticulocytes was studied to clarify the characteristics of the uptake process and intracellular transport. Rat reticulocytes took up transferrin in a saturable, time-and temperature-dependent manner. Scatchard analysis of the binding parameters indicated that transferrin molecules were bound to cell-surface receptors with high affinity. Monodansylcadaverine, a potent inhibitor of transglutaminase, reduced the amount of internalized transferrin but has no effect on the total amount of cell-associated transferrin, suggesting that transferrin is taken up by rat reticulocytes via receptor-mediated endocytosis. About 50% of the internalized 8 H label was released from the cells after reincubation for 1 h in fresh medium. In contrast, no release of "Fe label was observed. By immunoprecipitation and subsequent SDS-PAGE the released 3 H-labeled product was identified as apotransferrin. Lysosomotropic reagents and a proton ionophore reduced the uptake of "Fe. These results indicated that iron was removed from transferrin at an intracellular site in an acidic environment. The released iron was found not to associate with any intermediate ligands before it was utilized for heme synthesis in mitochondria.
Transferrin is a major plasma protein (1) and delivers iron to the developing erythroid cells which require a large amount of iron for heme synthesis (2) (3) (4) . For the uptake of iron, the binding of transferrin to cell-surface receptors must take place as the first step (5) . From previous studies on iron uptake, two models have been proposed to explain what occurs after the binding 1 This work was supported in part by Grants-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan. Abbreviations: PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; CCCP, carbonyl cyanide m-chlorophenylhydrazone; MEL, murine erythroleukcmia. of transferrin. In one model, transferrin is supposed to be internalized by receptor-mediated endocytosis, which consists of several steps, i.e. the clustering of the receptor-ligand complex in clathrin-coated pits, crosslinking between clathrin molecules by transglutaminase and the formation of coated vesicles (6) , and iron is released from transferrin after the internalization (7) (8) (9) . Some morphological observations agree with this model (10, 11) . According to the other model, transferrin binds to cell-surface receptors, then releases its iron, and only the released iron is internalized by unknown cellular processes (12) (13) (14) (15) . Recently it was reported that the inhibitors of transglutaminase blocked receptor-mediated endocytosis in murine fibroblast (6, 16, 17) , probably because transglu-taminase is related to the ligand internalization as described above. Therefore transglutaminase inhibitors should be good tools to determine whether transferrin is taken up by rat reticulocytes via receptor-mediated endocytosis.
The fate of transferrin and iron after the internalization is still unclear. For example some tumor cells seems to require iron for cell proliferation, although the role of iron is unknown (/<S). On the other hand, reticulocytes utilize iron only for heme synthesis. As heme synthesis occurs in mitochondria, iron taken up by reticulocytes must be transported to mitochondria. However, the mechanisms of iron uptake by reticulocytes and intracellular transport of iron have not been fully elucidated.
In the present study, we investigated the mechanism of transferrin uptake in rat reticulocytes using an inhibitor for ligand internalization. The iron transport after the uptake of transferrin was also examined in the presence of lysosomotropic reagents and proton ionophore. The data presented here clearly show that transferrin is taken up by rat reticulocytes by receptor-mediated endocytosis and iron is released inside the cells presumably under acidic conditions. Subsequently apotransferrin is released to the medium by exocytosis. It was also found that iron released from transferrin was rapidly incorporated into hemoglobin, and no iron associated with any ligands was detected during short-term incubation. Preparation of Reticulocytes-Reticulocytosis was induced in male Sprague-Dawley rats (150-180g) by the intraperitoneal administration of neutralized phenylhydrazine hydrochloride (40 mg/ kg body weight) for 3 days {19). Blood was collected from a jugular vein, using heparin as an anticoagulant, 3 days after the last injection of phenylhydrazine. The cells were washed three times in phosphate-buffered saline (PBS) (5 mM sodium phosphate buffer, pH 7.4 and 0.15 M NaCl) and then suspended in the same buffer. The buffy coat was removed during the washing procedure. As determined by staining with new methylene blue, over 90% of the cells obtained were reticulocytes.
MATERIALS AND METHODS

Materials-Monodansylcadaverine
Isolation and Labeling of Transferrin-Transferrin was purified from rat plasma by ion-exchange chromatography and gel filtration (2) . The isolated transferrin was labeled with *H by reductive methylation using pHJborohydride (17 Ci/ mmol) as described in Ref. 20 . Apotransferrin was prepared by dialysis of transferrin against 0.3 M sodium acetate (pH 5.5) containing 10 mM EDTA for 3 h. EDTA was eliminated by extensive dialysis against 20 mM NaHCO, for 24 h and then solid sodium bicarbonate was added to a final concentration of 0.6 M. Apotransferrin was then incubated with "Fe (15 mCi/mg) as ferric citrate at 37°C for 1 h. "Fe-labeled transferrin was passed through a Sephadex G-25 column (1 x 25 cm) and the peak tubes were pooled (21) . The ratio of A^A^o was 0.046 for the prepared transferrin, indicating full saturation (2). Under the conditions used, nonspecifically bound radioactivity amounted to less than 10% of the total bound radioactivity. The data were analyzed by the method of Scatchard (22) .
Binding Assay of Transferrin
Transferrin and Iron Uptake-Transferrin and iron uptake by rat reticulocytes were measured by incubating the cells (2 x 10 8 ) with double-labeled transferrin in 0.2 ml of PBS at 4°C or 25°C for various time periods. The cells were washed three times with ice-cold PBS to remove the unbound ligands, then solubilized as described above, and the cell-associated radioactivity was determined.
To distinguish between surface-bound and internalized ligands, the washed cells were incubated with trypsin (0.4 mg/ml) in PBS at 4°C for 1 h (8) . At the end of incubation, soybean trypsin inhibitor was added to give a final concentration of 0.4 mg/ ml. The cells were then washed with ice-cold PBS and radioactivity was determined. The release of transferrin and iron from reticulocytes was examined by incubating the cells (2 x 10*) with double-labeled transferrin at 25°C for 20min, washing three times with ice-cold PBS, suspending the washed cells in PBS and reincubating the cells at 4°C and 25°C. At the end of incubation, radioactivity in the supernatant, which had been released from the cells during the reincubation, was determined.
Immunoprecipitation and SDS-PAGE of Released Protein-Antisera to rat transferrin were prepared in rabbits and immunoglobulin G fraction was obtained by ammonium sulfate fractionation and DE 52 cellulose chromatography (23) . Samples containing approximately 200 ,ug of labeled protein, released during the reincubation, were incubated with 10 /A of rabbit immunoglobulin G to rat transferrin (7.8 mg/ml) at 4°C for 24 h and subsequently with Protein A-Sepharose at room temperature for 4h (23) . SDS-PAGE was performed by the method of Laemmli in 0.1 % SDS-Tris/glycine buffer using slab gel with 10% (w/v) separating gel (24) . Samples for electrophoresis were boiled for 5 min in sample buffer containing 1% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01 % bromophenol blue, and 62.5 mM Tris-HCl buffer. For autoradiography, slab gel was soaked in EN'HANCE for 1 h at room temperature, washed for 1 h with cold water, dried and kept in contact with a Kodak O mat X-ray film at -70°C for two weeks (23) .
Detection of Iron-Associated Ligands-Rat reticulocytes (2x10*) were incubated with "Felabeled transferrin at 25°C for 30 min. Then the cells were washed with ice-cold PBS to remove the unbound ligands, hemolyzed in 3 volumes of water and centrifuged with an Eppendorf microfuge for 5 min. The supernatant was applied to a Sephacryl S-300 column (0.8 x 90 cm) and eluted with PBS. The radioactivity in each fraction was determined with a gamma counter.
Other Methods-Centrifugation was routinely carried out at 800 x g for 3 min in a Hitachi 20PR-52 centrifuge. The radioactivity was determined using a Packard Auto Gamma 5330 spectrometer and a Packard Tri-Carb 2650 liquid scintillation spectrometer.
RESULTS
Binding of Transferrin to Rat Reticulocytes-
Rat reticulocytes exhibited as saturable binding of PH]transferrin above 100/*g/ml (Fig. 1A) . Nonspecific binding of PHJtransferrin increased linearly with concentration and was not saturable. Scatchard analysis of the specific binding data revealed an apparent Kx> of 1.3X10~*M for the binding of transferrin to its receptor. The number of transferrin receptors was calculated to be 9.24 x lOVcell from the value of the intercept of the regression line with the abscissa (Fig. IB) .
Uptake of Transferrin and Iron by Rat Reticulocytes-When the reticulocytes were incubated with double-labeled transferrin at 25°C, the amount of cell-associated transferrin saturated within 20 min incubation, whereas the cells continued to accumulate iron for the duration of incubation (Fig.  2, A and B) . When the cells were incubated with PHltransferrin at 4°C for 30 min, only 5% of the specifically bound radioactivity was resistant to trypsin treatment, indicating that 95% of the bound transferrin was located on the cell surface (data not shown). In contrast, as shown in Fig.  2 , about 60% of the specifically bound radioactivity was resistant to trypsin after a 30 min incubation at 25°C. The internalization of transferrin was found to be a temperature-dependent process.
Effect of Transglutaminase Inhibitor on Transferrin Uptake-Monodansylcadaverine is a highly potent inhibitor of transglutaminase. The enzyme catalyzes the formation of crosslinks between clathrin molecules at coated pits when a ligand is bound to its receptor (17) . To determine whether the internalization of transferrin in reticulocytes is due to receptor-mediated endocytosis, the uptake of ["H^ransferrin was determined in the presence of monodansylcadaverine and the results are compared with those of a control experiment in Fig.  2A . At the concentration of 200 fiM, monodansylcadaverine had no effect on the total amount of cell-associated PHJtransferrin (Fig. 2C) . However, the amount of internalized PH]transferrin was reduced to 70% of the control, whereas the Vol. 97, No. 4, 1985 Figure 3 A shows the release of =H label from reticulocytes which were incubated with doublelabeled transferrin a t 25°C for 20 min, then washed and reincubated in fresh PBS at 2S°C. After a 1 h reincubation, the amount of released aH label was u p t o 50% of the total amount of cell--ciated )H radioactivity. When the cells were treated with trypsin before the reincubation, the release of SH label was also observed (Fig. 3B) . reactivity with anti-transferrin antibody. The molecular weight of the immunoprecipitated 3 H label was determined by SDS-PAGE. As shown in Fig. 4 , the released 3 H label exhibited an electrophoretic mobility identical with that of intact transferrin.
Effect of Lysosomotropic Reagents and Proton lonophore on Iron Uptake-The effect on iron uptake by rat reticulocytes of lysosomotropic reagents and proton ionophore, which elevate the pH of intracellular compartments, was examined. As shown in Table I , all the reagents used reduced both total uptake and internalized M Fe. In contrast, these reagents had no effect on transferrin ELUTION VOLUUE(ML) Fig. 5 . Elution profile of reticulocyte hemolysate on Sephacryl S-300. Reticulocytes (2 x 10*) were incubated with "Fe-labeled transferrin for 30 min at 25°C, then washed and the hemolysate was prepared as described under " MATERIALS AND METHODS." The hemolysate was subjected to gel filtration on a Sephacryl S-300 column, and the radioactivity in each fraction was determined. Arrows indicate the positions of the standard protein 1, ferritin; 2, transferrin; 3, hemoglobin.
uptake, except monodansylcadaverine. These results suggest that iron is released from transferrin in intracellular compartments because of the acidic environment.
Detection of Iron-Associated Ligands in Iron
Transport-In order to determine whether any proteins are involved in the intracellular transport of iron to mitochondria after the release from transferrin, the hemolysate of reticulocytes was prepared after incubation with "Fe-labeled transferrin. Then the hemolysate was subjected to gel filtration on Sephacryl S-300 column. The elution profile is presented in Fig. 5 . Over 90% of the eluted radioactivity of "Fe was recovered in a peak corresponding to hemoglobin and no peak of radioactivity was detected at the elution volume of transferrin or ferritin.
DISCUSSION
The process of protein ligand uptake by cells is believed to occur by two types of mechanisms. One is nonspecific uptake, such as phagocytosis and pinocytosis, and the other is specific receptormediated endocytosis (25) . The present study strongly suggested that the uptake of transferrin by rat reticulocytes involves the latter mechanism since the cells bound transferrin in a specific and saturable manner (Fig. 1A) with high affinity. In addition, the uptake of transferrin was temperaturedependent and the ligands were internalized during that process ( Fig. 2A) . The internalization of transferrin was inhibited by monodansylcadaverine, a potent inhibitor of transglutaminase, while the total uptake of transferrin was not affected (Fig.  2Q . A similar effect of monodansylcadaverine was reported by Haigler et al. (17) . They reported that monodansylcadaverine inhibited the internalization of epidermal growth factor and a,-macroglobulin in cultured cells; cells treated with the reagent retained the ligands on the cell surface but the total uptake of the ligands was not inhibited (17) . On the other hand, Armstrong and Morgan reported the effect of monodansylcadaverine on transferrin uptake by rabbit reticulocytes and that the total uptake of transferrin was not affected by dansylcadaverine (26) . However, they did not show the effect of the reagent on the internalization of transferrin since they did not determine the amount of internalized transferrin.
The mechanism by which iron is released from transferrin and transported to mitochondria has not been fully elucidated. Karin and Mintz •showed that murine teratocarcinoma cells released cell-bound transferrin during reincubation (7) . In our study with rat reticulocytes, the release of transferrin was also observed. The following evidences clearly indicated that the process is the exocytosis of apotransferrin. First, only 3 H but not M Fe label was released from reticulocytes during the reincubation, even after the trypsin treatment (Fig. 3) . Second, the released *H label was identified as intact transferrin by immunoprecipitation and SDS-PAGE (Fig. 4) . Third, the process was temperature-dependent.
The results described above also suggest that iron was released from transferrin intracellularly. Iron is easily released from transferrin at pH below 6 in vitro (21) . Van Renswoude et al. reported that transferrin was located in nonlysosomal compartments with acidic pH (27) . Reagents which elevated the pH of cellular compartments reduced the iron uptake by reticulocytes, as shown in Table  I . These results suggested that the acidic environment in cellular compartments plays an important role in the intracellular release of transferrin iron in vivo.
The mechanisms by which iron released from transferrin is utilized differ among cell types. In our study, most of the internalized iron was rapidly incorporated into hemoglobin and no iron-associated ligand was detected (Fig. 5) . In contrast, in human erythroleukemia cells (K562), the majority of the internalized iron was found in ferritin (28) . This discrepancy may be accounted for by the fact that reticulocytes synthesize heme but K562 cells do not. Indeed, Ofer et al. reported that in differentiated murine erythroleukemia (MEL) cells, heme synthesis was induced and iron was incorporated into hemoglobin, while it was stored in ferritin in undifferentiated MEL cells (29). Since K562 cells are a human erythroleukemia cell line and do not produce heme, they are expected to have a similar iron metabolism to the undifferentiated MEL cells. Therefore, it is considered that reticulocytes retain iron in a manner similar to that of differentiated MEL cells, and iron is not stored in ferritin.
